Insulin-dependent diabetic recipients of successful pancreas allografts achieve self-regulatory insulin secretion and discontinue exogenous insulin therapy; however, chronic hyperinsulinemia and impaired insulin sensitivity generally develop. To determine whether insulin resistance is accompanied by altered signal transduction, skeletal muscle biopsies were obtained from pancreas-kidney transplant recipients (n ‫؍‬ 4), nondiabetic kidney transplant recipients (receiving the same immunosuppressive drugs; n ‫؍‬ 5), and healthy subjects (n ‫؍‬ 6) before and during a euglycemic-hyperinsulinemic clamp. Basal insulin receptor substrate (IRS)-1 Ser (312) and Ser (616) phosphorylation, IRS-1-associated phosphatidylinositol 3-kinase activity, and extracellular signal-regulated kinase (ERK)-1/2 phosphorylation were elevated in pancreas-kidney transplant recipients, coincident with fasting hyperinsulinemia. Basal IRS-1 Ser (312) and Ser (616) phosphorylation was also increased in nondiabetic kidney transplant recipients. Insulin increased phosphorylation of IRS-1 at Ser (312) but not Ser (616) in healthy subjects, with impairments noted in nondiabetic kidney and pancreas-kidney transplant recipients. Insulin action on ERK-1/2 and Akt phosphorylation was impaired in pancreas-kidney transplant recipients and was preserved in nondiabetic kidney transplant recipients. Importantly, insulin stimulation of the Akt substrate AS160 was impaired in nondiabetic kidney and pancreaskidney transplant recipients. In conclusion, peripheral insulin resistance in pancreas-kidney transplant recipients may arise from a negative feedback regulation of the canonical insulin-signaling cascade from excessive serine phosphorylation of IRS-1, possibly as a consequence of immunosuppressive therapy and hyperinsulinemia. Diabetes 55:785-791, 2006 I n most patients with longstanding type 1 diabetes and end-stage nephropathy, the only available treatment option resulting in discontinuation of insulin injections is pancreas or pancreas-kidney transplantation (1). The transplanted pancreas provides sufficient endogenous insulin secretion so that exogenous insulin administration is unnecessary (2,3). However, glucose metabolism in the recipient is not entirely normalized. Pancreas transplant recipients are characterized by skeletal muscle insulin resistance (4,5), primarily affecting nonoxidative glucose metabolism (6,7). Skeletal muscle insulin resistance in this patient group can partly be attributed to immunosuppressant therapy, which is necessary to avoid organ rejection (4, 8, 9) . However, sustained systematic insulin delivery from the transplanted pancreas also results in chronic peripheral hyperinsulinemia, which can contribute to an attenuation of insulin sensitivity (2-4,10).
I
n most patients with longstanding type 1 diabetes and end-stage nephropathy, the only available treatment option resulting in discontinuation of insulin injections is pancreas or pancreas-kidney transplantation (1) . The transplanted pancreas provides sufficient endogenous insulin secretion so that exogenous insulin administration is unnecessary (2, 3) . However, glucose metabolism in the recipient is not entirely normalized. Pancreas transplant recipients are characterized by skeletal muscle insulin resistance (4, 5) , primarily affecting nonoxidative glucose metabolism (6, 7) . Skeletal muscle insulin resistance in this patient group can partly be attributed to immunosuppressant therapy, which is necessary to avoid organ rejection (4, 8, 9) . However, sustained systematic insulin delivery from the transplanted pancreas also results in chronic peripheral hyperinsulinemia, which can contribute to an attenuation of insulin sensitivity (2) (3) (4) 10) .
The molecular mechanism by which transplant recipients develop impaired insulin sensitivity and responsiveness on peripheral glucose uptake is unknown. We have previously reported that insulin-mediated nonoxidative glucose metabolism is coupled with impaired glycogen synthase enzyme activity in skeletal muscle from pancreas-kidney transplant recipients (6) . Moreover, defects in insulin receptor number and affinity, as well as protein expression of the insulin-regulated glucose transporter (GLUT4), have been observed in skeletal muscle from pancreas and pancreas-kidney transplant recipients (11) (12) (13) . Thus, receptor and postreceptor defects in skeletal muscle contribute to whole-body insulin resistance in this patient group (4, 8, (13) (14) (15) .
The present study was undertaken to characterize postreceptor insulin signal transduction in skeletal muscle from pancreas-kidney transplant recipients. Basal signaling events were of particular interest, since in vitro studies in cell culture systems provide evidence that hyperinsulinemia leads to excessive serine phosphorylation of the insulin receptor substrate (IRS)-1, thereby engaging a negative feedback mechanism to modulate insulin action along pathways important for glucose metabolism (16) . Insulin action along the canonical signaling pathway was also compared between pancreas-kidney and nondiabetic kidney transplant recipients receiving similar immunosuppression therapy and nondiabetic healthy control subjects. and these subjects received immunosuppressive medication consisting of 5-10 mg/day prednisolone, 150 -300 mg/day cyclosporine A, and 50 -75 mg/day azathioprine. The pretesting conditions have previously been reported (2, 6) . The subjects studied in this group represent a subgroup of the original cohort previously described, for which sufficient skeletal muscle biopsy material was available for the insulin-signaling analysis (2, 6) . The study was approved by the local ethics committees and was in accordance with the Helsinki Declaration. Blood chemistry and euglycemic-hyperinsulinemic clamp. All investigations were performed in subjects fasted overnight. Blood samples were drawn for determination of plasma glucose, C-peptide, nonesterified free fatty acids (NEFAs), cyclosporine A, creatinine, serum insulin, and HbA 1c (A1C) by methodology previously described (2, 6) . During the euglycemic-hyperinsulinemic clamp, arterialized blood samples were drawn from an antecubital vein intermittently for determinations of the plasma glucose, glucose specific activity, NEFA, and serum insulin levels. The details of the euglycemichyperinsulinemic clamp have been described previously (2, 6) . The contralateral antecubital vein was used for infusion of glucose, insulin, and tracer. [3- 3 H]glucose was used for an isotopic determination of glucose production and glucose utilization rates. After a basal period (120 min), subjects were infused with insulin (Actrapid Human; Novo Nordisk, Bagsvaerd, Denmark) at increasing rates of 5 mU ⅐ m Ϫ2 ⅐ min Ϫ1 (5 mU), 40 mU ⅐ m Ϫ2 ⅐ min Ϫ1 (40 mU), and 200 mU ⅐ m Ϫ2 ⅐ min Ϫ1 (200 mU) for 120 min at each concentration. Euglycemia was maintained by infusion of a variable dose of 18% glucose at a rate determined by measurements of the plasma glucose levels at 5-to 10-min intervals. The glucose infusion rates during the last 30 min of the baseline period and subsequent insulin infusion periods were taken to represent insulin action at each respective insulin level. Whole-body insulin-mediated glucose uptake (total glucose disposal rate [R d ]) was calculated from the plasma concentrations of tritiated glucose and plasma glucose using Steele's nonsteady-state equations (17) and modified for use of radiolabeled glucose infusates (18) . Glucose disposal rates (R d ) under basal and insulin-stimulated (40 mU) conditions for this subgroup are reported for reference (Table 1) , since these conditions correspond to the biopsy sampling conditions. Muscle biopsy. Immediately before the basal infusion period (0 min) and at the end of the 40 mU ⅐ m Ϫ2 ⅐ min Ϫ1 clamp period (240 min), a percutaneous needle biopsy from the vastus lateralis muscle was obtained under local anesthesia. Muscle biopsies were freeze-dried and subsequently dissected to remove blood, connective tissue, and adipose tissue; rapid frozen in liquid nitrogen; and stored at Ϫ80°C until analysis. Sample preparation. Muscle biopsies were homogenized at 4°C in 20 mmol/l Tris-HCl (pH 7.4), 140 mmol/l NaCl, 10 mmol/l EDTA, 4 mmol/l NaVO 4 , 100 mmol/l NaF, 10 mmol/l pyrophosphate, and 1% Nonidet P-40, supplemented with protease inhibitors (ICN Pharmaceuticals). Lysates were centrifuged (12,000g for 15 min). Protein was determined in aliquots of the supernatant using a Bradford protein assay (Bio-Rad Laboratories, Richmond, CA). Phosphatidylinositol 3-kinase activity. An aliquot of the supernatant (500 g) was immunoprecipitated overnight (4°C) with anti-IRS-1 antibody coupled to protein A-Sepharose. Phosphatidylinositol (PI) 3-kinase activity was assessed directly on the protein A-Sepharose beads (19 6.7] , 10% SDS, and ␤-mercaptoethanol; 45 min at 60°C), washed extensively, and subjected to immunoblot analysis to determine either Akt (Cell Signaling) or ERK-1/2 (Cell Signaling Technology) protein expression, respectively. IRS-1 serine phosphorylation. IRS-1 was immunoprecipitated from an aliquot of the supernatant (500 g), as described above for the PI 3-kinase analysis, and proteins were separated by SDS-PAGE. After transfer, membranes were probed with a polyclonal antibody against phospho-Ser (312) or phospho-Ser (616) (Cell Signaling). These serine phosphorylation sites are conserved between mouse, rat, and humans. After analysis, immunoblots were stripped and reprobed with anti-IRS-1 antibody to normalize for equal protein amount (Santa Cruz Biotechnology). Statistical analysis. Data are presented as means Ϯ SE. Differences were determined by two-way ANOVA. Significant differences were identified using Fisher's least significant difference post hoc analysis. Differences were considered significant at P Ͻ 0.05.
RESULTS
The clinical characteristics of the study participants have been reported previously (2, 6) . Additional biopsy material was available from this subgroup of the original study cohort, and the clinical characteristics, including blood chemistry profiles, are provided (Table 1) . Fasting plasma C-peptide levels were higher in the pancreas-kidney and nondiabetic kidney transplant groups, respectively, compared with healthy groups (P Ͻ 0.05) because of the higher plasma creatinine in the transplant recipients (P Ͻ 0.05). Plasma cyclosporine levels were similar between the two transplant groups. NEFA levels were unaltered between the subjects. Basal plasma NEFA concentrations tended to be higher in the pancreas-kidney recipients and in the nondiabetic kidney recipients compared with the control subjects ( Table 2) . After insulin stimulation, plasma NEFA concentrations (i.e., the average concentration of the last 
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two samples in the steady-state 40 mU ⅐ m Ϫ2 ⅐ min Ϫ1 clamp period) were significantly reduced in healthy subjects and nondiabetic kidney transplant recipients (Table 2 ) and tended to be reduced in the pancreas-kidney recipients (P ϭ 0.07). Whole-body glucose uptake. Whole-body insulin-mediated glucose uptake in this cohort is reported in Table 1 . Only the results from baseline and the 40 mU ⅐ m Ϫ2 ⅐ min
Ϫ1
clamp period are reported here, since this condition corresponds to the biopsy sampling period. The mean steady-state plasma glucose levels during the hyperinsulinemic clamp were similar between the three groups and were unaltered from the basal plasma glucose levels (Table 1) . Fasting serum insulin levels were significantly higher between the transplanted versus healthy subjects, as well as between the pancreas-kidney and nondiabetic kidney transplant subjects (P Ͻ 0.05, Table 1 ). During the insulin infusion (40 mU/m 2 per min), the peripheral serum insulin concentrations were comparable between the groups (Table 1) . Whole-body insulin-mediated glucose uptake was significantly lower in the transplanted groups than in the healthy subjects (Table 1) , predominantly because of the reduced nonoxidative glucose metabolism (2, 6) . IRS-1-associated PI 3-kinase activity. Signal transduction was determined in skeletal muscle biopsies obtained before (basal) and after the insulin infusion period (40 mU/ m Ϫ2 per min) during the euglycemic-hyperinsulinemic clamp (insulin-stimulated). Basal IRS-1-associated PI 3-kinase activity was similar between healthy subjects and nondiabetic kidney transplant recipients (Fig. 1) . In contrast, basal IRS-1-associated PI 3-kinase activity was increased in pancreas-kidney transplant recipients compared with healthy subjects (2.0-fold, P Ͻ 0.05). Insulin infusion led to a 2.1-to 2.3-fold increase in IRS-1-associated PI 3-kinase activity in healthy subjects and in nondiabetic kidney transplant recipients (P Ͻ 0.05). In contrast, IRS-1-associated PI 3-kinase activity was not further increased after insulin infusion in pancreas-kidney transplant recipients. Akt Ser (473) phosphorylation. Basal Akt Ser (473) phosphorylation was similar between nondiabetic kidney transplant recipients, pancreas-kidney transplant recipients, and healthy subjects (Fig. 2) . Insulin infusion led to a 2.0-and 2.6-fold increase in Akt Ser (473) phosphorylation in healthy subjects and nondiabetic kidney transplant recipients, respectively (P Ͻ 0.05). In contrast, in pancreas-kidney transplant recipients, Akt Ser (473) phosphorylation was unaltered after insulin infusion. Akt protein expression was similar between groups (data not shown).
AS160 phosphorylation. Basal AS160 phosphorylation was unaltered between nondiabetic kidney transplant recipients and healthy subjects (Fig. 3) . However, basal AS160 phosphorylation was increased in the pancreaskidney transplant recipients versus healthy subjects (1.4-fold, P Ͻ 0.05). Insulin infusion increased AS160 phosphorylation 2.1-fold in healthy subject (P Ͻ 0.05). In contrast, AS160 phosphorylation was unaltered after insulin infusion in nondiabetic kidney and pancreas-kidney transplant recipients. ERK-1/2 mitogen-activated protein kinase Thr (202)/ Tyr (204) phosphorylation. Basal ERK-1/2 mitogenactivated protein kinase (MAPK) Thr (202)/Tyr (204) phosphorylation was similar between healthy subjects and nondiabetic kidney transplant recipients (Fig. 4) . However, basal ERK-1/2 MAPK Thr (202)/Tyr (204) phosphorylation was higher in the pancreas-kidney transplant recipients versus healthy subjects (2.4-fold, P Ͻ 0.05). Data are meansϮ SE. Plasma NEFA levels were determined under basal and insulin-stimulated conditions. Values are the average of the last two samples taken in the steady-state period of the basal and insulin-stimulated (40 mU/m 2 per min) clamp period. The P value indicated in the table is the differences between basal and insulinstimulated conditions. *P Ͻ 0.05 vs. healthy subjects.
(204) phosphorylation in all groups (1.9-, 1.8-, and 1.2-fold for control, nondiabetic kidney, and pancreas-kidney transplant recipients, respectively; P Ͻ 0.05). Protein expression of ERK-1/2 MAPK was similar between the groups (data not shown).
IRS-1 Ser (312) phosphorylation. Protein expression of IRS-1 was similar between the groups (data not shown).
Basal IRS-1 Ser (312) phosphorylation was higher in nondiabetic kidney transplant recipients and pancreaskidney transplant recipients than in healthy subjects ( Fig.  5 ; 3.1-and 4.4-fold increase, respectively; P Ͻ 0.05). Basal IRS-1 Ser (312) phosphorylation was higher in pancreaskidney transplant recipients than in nondiabetic kidney transplant recipients (1.3-fold, P Ͻ 0.05). Insulin infusion led to an ϳ3.5-fold increase in IRS-1 Ser (312) phosphorylation in control subjects (P Ͻ 0.05). In nondiabetic kidney transplant subjects, insulin-stimulated Ser (312) phosphorylation was slightly reduced (38%) compared with basal levels (NS), whereas in pancreas-kidney transplant subjects, insulin significantly attenuated Ser (312) phosphorylation (1.5-fold, P Ͻ 0.05). IRS-1 Ser (616) phosphorylation. Basal IRS-1 Ser (616) phosphorylation was elevated in nondiabetic kidney transplant recipients and pancreas-kidney transplant recipients compared with healthy subjects ( Fig. 6 ; 2.1-fold, respectively, P Ͻ 0.05). IRS-1 Ser (616) phosphorylation was unaltered after insulin stimulation in the healthy subjects. In nondiabetic kidney transplant recipients, insulin decreased Ser (616) phosphorylation 45% compared with basal (P Ͻ 0.05). In contrast, in pancreas-kidney transplant recipients, Ser (616) phosphorylation was slightly increased (NS) after insulin infusion.
DISCUSSION
The available treatment options for discontinuing insulin treatment in type 1 diabetic patients with complete ␤-cell failure are limited. Pancreas transplantation constitutes one option available to surgically treat type 1 diabetes. Although pancreas transplantation increases quality of life and decreases the mortality rate for type 1 diabetic patients (20 -23), hyperinsulinemia and peripheral insulin resistance often develop (8, 24) . The molecular mechanism for peripheral insulin resistance after pancreas transplantation is unresolved but involves defects in insulin action on skeletal muscle glucose metabolism (5). Here we determined postreceptor insulin-signaling events in skeletal muscle from type 1 diabetic patients who have undergone a combined pancreas and kidney transplantation. Two control groups were studied: healthy individuals and nondiabetic kidney transplant recipients. The nondiabetic kidney transplant recipients and the pancreas-kidney transplant recipients received the same immunosuppressive treatment.
Experimental and clinical evidence suggests that many of the current immunosuppressant treatment strategies can account for the increased risk of peripheral insulin resistance that develops after the transplantation (25) . Here we provide evidence that insulin action on IRS-1-associated PI 3-kinase activity was similar between the healthy subjects and the nondiabetic kidney transplant recipients, providing evidence that immunosuppressant drugs are without effect on insulin signaling. However, in the pancreas-kidney recipients, basal IRS-1-associated PI 3-kinase activity was elevated to a level comparable with insulin-stimulated activity in healthy subjects. This elevation in basal PI 3-kinase activity may be explained by hyperinsulinemia in the pancreas-kidney recipients (26, 27) .
We next assessed phosphorylation of Akt, AS160, and ERK-1/2 as markers of metabolic and mitogenic/gene regulatory cascades. Akt is linked to the regulation of glucose uptake through phosphorylation of AS160, a Rab GTPase-activating protein that regulates GLUT4 exocytosis (28) . Basal Akt, AS160, and ERK-1/2 MAPK phosphorylation was similar between healthy subjects and nondiabetic kidney transplant recipients, consistent with our results for PI 3-kinase activity. However, despite the twofold increase in basal PI 3-kinase activity in pancreaskidney recipients, basal Akt phosphorylation was comparable to healthy subjects. While the mechanism for this apparent disassociation of Akt from PI 3-kinase is unclear, basal AS160 and ERK-1/2 phosphorylation was also elevated (approximately twofold) in skeletal muscle from 
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diabetic pancreas-kidney transplant recipients. Under insulin-stimulated conditions, Akt phosphorylation was increased in nondiabetic kidney transplant recipients and impaired in pancreas-kidney transplant recipients, whereas AS160 phosphorylation was severely blunted in both groups. Because AS160 is the most proximal step identified in the insulin-signaling cascade to GLUT4 translocation (28) , this signaling defect may provide a mechanism for the impaired whole-body glucose uptake noted in nondiabetic kidney and diabetic pancreas-kidney transplant recipients. Although insulin action on AS160 phosphorylation was impaired, ERK-1/2 phosphorylation was enhanced in nondiabetic kidney and diabetic pancreaskidney transplant recipients. Similar results have been reported in skeletal muscle from type 2 diabetic patients, where MAPK signaling is preserved, despite impaired PI 3-kinase signaling to Akt (29, 30) . Thus, skeletal muscle insulin resistance in pancreas-kidney transplant recipients is manifested along metabolic rather than mitogenic/gene regulatory signaling cascades.
To further explore the mechanism for peripheral insulin resistance in pancreas-kidney transplant recipients, we assessed IRS-1 serine phosphorylation. Several lines of evidence link IRS-1 serine phosphorylation to insulin resistance in response to cytokines (31) , elevations in free fatty acids (32, 33) , hyperinsulinemia (33) , and hyperglycemia (16) . Consequently, serine phosphorylation has been implicated in the development of peripheral insulin resistance in type 2 diabetes (16,27,30,34 -36) . Here we explored two sites of serine phosphorylation on IRS-1 [Ser (312) and Ser (616)] associated with the development of peripheral insulin resistance (16, (37) (38) (39) . Phosphorylation of IRS-1 at Ser (312) and Ser (616) was elevated under basal conditions in nondiabetic kidney transplant and pancreas-kidney transplant recipients versus healthy subjects. These results provide evidence that hyperinsulinemia alone is unlikely to account for the increase in IRS-1 serine phosphorylation, since insulin levels in the nondiabetic kidney transplant recipients are modestly elevated compared with the healthy subjects. Nevertheless, we cannot exclude the possibility that chronic exposure to hyperinsulinemia may affect insulin signaling in the nondiabetic kidney transplant recipients.
In addition to hyperinsulinemia, elevated NEFA levels may also participate in the development of insulin resistance in these patients by potentially modulating IRS-1 serine phosphorylation (32, 33) . Indeed, the NEFA levels in pancreas-kidney transplant recipients under basal conditions of the clamp were higher than those in control subjects, although these levels were not significantly different. Nevertheless, under insulin-stimulated conditions, NEFA levels were higher in the pancreas-kidney transplanted patients. Thus, the combination of hyperinsulinemia and elevated NEFAs offer a potential mechanism for the elevated serine phosphorylation of IRS-1 in pancreaskidney transplanted patients.
Immunosuppressive treatment has been proposed to contribute to the development of peripheral insulin resistance in pancreas-kidney and kidney transplant recipients (2, 6) . The immunosuppression used in pancreas-kidney transplantation, particularly prednisolone and cyclosporine, induces insulin resistance (9,10) and situations with cortisol excess; insulin resistance is due to a decrease in hepatic and peripheral insulin sensitivity (2,5,6,8 -10) . Whereas it is impossible to segregate the direct effect of the individual immunosuppressants in these study participants, prednisone is likely to have a major effect on insulin resistance (9) . Thus, any change in the metabolic and insulin-signaling events in the nondiabetic kidney transplant recipients likely reflects deleterious effects of the immunosuppressive treatment. Although the mechanism is incompletely resolved, our data provide evidence that immunosuppressive therapy appears to influence IRS-1 serine phosphorylation and the subsequent regulation of peripheral insulin action and metabolism, since insulin action was also suppressed in the nondiabetic kidney transplant recipients.
The increase in basal IRS-1 serine phosphorylation was suppressed upon insulin infusion in the nondiabetic kidney transplant recipient and maintained in the pancreaskidney transplant recipients. The suppression of IRS-1 Ser (616) phosphorylation correlated with changes in NEFAs upon insulin infusion, further implicating elevated NEFA levels as a negative regulator of IRS-1 through serine phosphorylation. Excessive phosphorylation of IRS-1 at Ser (616) has been proposed to act as a negative regulator of insulin signaling, thereby providing a potential mechanism for insulin resistance (34) . Our clinical results provide evidence that hyperinsulinemia, elevated NEFAs, and immunosuppressive therapy are selective for serine phosphorylation of IRS-1 at Ser (616) versus Ser (312). The different phosphorylation profiles of IRS-1 Ser (616) versus Ser (312) after insulin stimulation may partly contribute to the development of insulin resistance in pancreas-kidney transplant recipients, rather than in the nondiabetic kidney transplant recipients. However, immunosuppressive therapy in the kidney transplant recipients may influence IRS-1 serine phosphorylation after several years of treatment and cause insulin resistance in nondiabetic kidney transplant recipients (40, 41) .
Pancreas transplant therapy is a surgical option to treat late-stage type 1 diabetes. While the patients display normal diurnal glucose profiles, in many cases, peripheral insulin resistance occurs. Here we provide evidence that immunosuppressive treatment and hyperinsulinemia contribute to peripheral insulin resistance in this patient group through differential effects on IRS-1 phosphorylation at Ser (312) and Ser (616) ( Table 3) . Moreover, we provide evidence that phosphorylation of IRS-1 on Ser (616) is an important regulatory axis for insulin action. These signaling defects are accompanied by impaired insulin action on Akt and AS160. Defects in insulin action on the level of AS160, a functional Rab GTPase-activating protein important for GLUT4 exocytosis (28, (42) (43) (44) (45) , may account for the impairment in skeletal muscle glucose uptake in this cohort. Further studies to determine the acute versus chronic effect of kidney and pancreas-kidney transplant on insulin signaling and glucose metabolism are warranted to directly link excessive serine phosphorylation with insulin resistance. Prevention of excessive serine phosphorylation of IRS-1 may preserve insulin action on glucose metabolism after pancreas transplant surgery. TABLE 3 Basal and insulin signal transduction responses in skeletal muscle from healthy subjects, nondiabetic kidney transplant recipients, and pancreas-kidney transplant recipients Shaded areas represent the differences between kidney recipients and pancreas recipients; bold arrows represent the differences in comparison to healthy subjects.
